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57 ABSTRACT

A negative electrode is disclosed for a non-aqueous electro-
chemical cell. The electrode has an intermetallic compound
as its basic structural unit with the formula M,M' in which
M and M' are selected from two or more metal elements
including Si, and the M,M' structure is a Cu,Sb-type struc-
ture. Preferably M is Cu, Mn and/or Li, and M' is Sb. Also
disclosed is a non-aqueous electrochemical cell having a
negative electrode of the type described, an electrolyte and
a positive electrode. A plurality of cells may be arranged to
form a battery.

22 Claims, 11 Drawing Sheets
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NEGATIVE ELECTRODES FOR LITHIUM
CELLS AND BATTERIES

RELATED APPLICATIONS

This application, pursuant to 37 C.E.R. § 1.78(c), claims
priority based on Provisional application Ser. No. 60/267,
512 filed Feb. 8, 2001.

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this invention
pursuant to Contract No. W-31-109-ENG-38 between the
U.S. Department of Energy (DOE) and The University of
Chicago representing Argonne National Laboratory.

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to new intermetallic negative elec-
trodes (anodes) for lithium batteries. According to the
invention, the intermetallic electrodes are based on a for-
mulation that for a binary system of two different metal
elements, M and M/, including Si, can be represented M,M'
with a Cu,Sb-type structure. The invention extends to
include ternary, quaternary and higher order intermetallic
electrodes in which the M and M' atoms can be of more than
one atom type. The intermetallic compounds of the present
invention need not be ordered systems; that is, they may
have fully disordered structures in which the M or M' atoms
are arranged in a random manner, or they may have partially
disordered structures in which the M or M' atoms in the
crystal lattice are arranged in a non-random manner. The M
atoms of this invention are preferentially Cu, Li and/or Mn
atoms, and the M' atoms are preferentially Sb atoms.

SUMMARY OF THE INVENTION

Rechargeable lithium cells (and batteries), commonly
referred to as lithium-ion cells (and batteries) have found
widespread application for powering devices such as cellular
phones, laptop and hand-held computers and camcorders;
they are also of interest for larger applications such as
stand-by energy storage, electric and hybrid-electric
vehicles. The most common lithium-ion cell has the con-
figuration Li C/electrolyte/Li;_,CoO,. During charge and
discharge, lithium ions are shuttled electrochemically
between two host electrode structures that consist of a
carbonaceous (typically graphitic) Li.C anode and a layered
Li;_,CoO, cathode. These cells are inherently unsafe, par-
ticularly if heated in a charged state or if they are over-
charged without protective electronic circuitry. Lithiated
graphite electrodes operate at a potential very close to that
of metallic lithium and are extremely reactive. There is,
therefore, a need to find alternative electrodes to graphite.

According to this invention, there is described a new
intermetallic structure type that can be effectively used as a
negative electrode (anode) for a non-aqueous lithium elec-
trochemical cell and/or battery. These new intermetallic
electrodes have as their basic structural unit the formula
M,M' in which M and M' are selected from two or more
metal elements including Si, and have a Cu,Sb-type struc-
ture. In this structure type, the M' atoms of the M,M'
structure have a configuration that is close to an ideal
face-centered-cubic array of atoms, and provide a host
framework for the M atoms in the parent structure and for Li
atoms during the electrochemical reaction. The M atoms of
this invention are preferably Cu, Mn and/or Li atoms, and
the M' atoms are preferably Sb atoms.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention consists of certain novel features and a
combination of parts hereinafter fully described, illustrated
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in the accompanying drawings, and particularly pointed out
in the appended claims, it being understood that various
changes in the details may be made without departing from
the spirit, or sacrificing any of the advantages of the present
invention.

FIG. 1 depicts a schematic illustration of the M,M'
structure of the invention,

FIG. 2 depicts the voltage profile for the first cycle of a
Li/Cu,Sb cell;

FIG. 3 depicts the X-ray diffraction patterns of the Cu,Sb
electrode, collected in situ, in the Li/Cu,Sb cell of FIG. 2;

FIG. 4 depicts a plot of capacity vs. cycle number for the
first 25 cycles of a Li/Cu,Sb cell;

FIG. 5 shows the X-ray diffraction patterns of a Mn,Sb
electrode;

FIG. 6 shows the voltage profile of the first discharge/
charge of a Li/Mn,Sb cell;

FIG. 7 depicts a plot of capacity vs. cycle number for the
first 23 cycles of the Li/Mn,Sb cell of FIG. 6;

FIGS. 8(a)—(d) depict schematic illustrations of the struc-
tures formed during the electrochemical transformation of
Cu,Sb to Li,Sb with FIG. 8a being in the 100 projection and
FIG. 8¢ being in the 110 projection; and

FIG. 9 depicts a schematic representation of an electro-
chemical cell; and

FIG. 10 depicts a schematic representation of a battery
consisting of a plurality of cells connected electrically in
series and in parallel.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Arenewed interest in intermetallic negative electrodes as
alternatives to graphite for lithium-ion batteries has devel-
oped over recent years because of the inherent safety haz-
ards of these cells, particularly when subject to abuse or
overcharge conditions. Binary lithium-metal systems such
as LiAl, LiSi and LiSn have not yet found practical
application because the expansion and contraction that
occurs during lithiation and delithiation is so large that the
structural integrity and cycle life of the electrode is impaired
as described by Huggins in: Handbook of Battery Materials
(Editor: J. O. Besenhard), Wiley-VCH, Wienheim,
Germany, Part III.1, page 359 (1999), the disclosure of
which is incorporated by reference. One of the most com-
mon approaches to alleviate this problem is to embed an
electrochemically active intermetallic electrode in a com-
posite matrix. (By intermetallic electrode, it is meant that the
electrode includes two or more metal elements including
silicon.) Perhaps the best known composite system is
derived from tin oxide, in which domains of lithiated tin,
Li Sn, are created within an electronically insulating Li,O
matrix during the electrochemical reaction with lithium, a
concept that was reported by Y. Idota et al in Science,
Volume 276, page 570 (1997), the disclosure of which is
incorporated by reference. A major problem with this system
is that the electrode is subject to an unacceptably large
irreversible capacity loss, which is attributed to the inability
of the lithium trapped within the Li,O matrix to partake in
the electrochemical reaction. There have been extensions to
this concept, for example, to use two electronically conduct-
ing intermetallic components, one “active”, such as FeSn,,
and the other “inactive”, such as Fe,SnC as described by O.
Mao et al in Electrochemical and Solid State Letters, Volume
2, page 3 (1999), the disclosure of which is incorporated by
reference. It has also been recognized that in order to obtain
high capacities and high rates, the particle size of these
composite electrodes should be as small as possible, pref-
erably with nanoscale dimensions. However, a disadvantage
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of this approach is that extremely small electrochemically
active particles will be more prone to reaction with the
organic-based electrolytes of lithium cells than larger sized
particles. In another development, intermetallic compounds
have been identified that operate by lithium insertion/metal
extrusion reactions, the most notable being CuSn; with a
nickel-arsenide-type structure that transforms to Li, ,Sn via
a Li,CuSn lithiated zinc-blende-type intermediate structure
as reported by Kepler et al in Electrochemical Solid State
Letters, Volume 2, page 307 (1999), the disclosure of which
is incorporated by reference and InSb with a zinc-blende-
type structure that transforms on complete lithiation to
Li;Sb, as reported by Vaughey et al in Electrochemistry and
Solid State Letters, Volume 3, page 13 (2000), the disclosure
of which is incorporated by reference. The latter two
examples described above have drawn attention to the
existence of a new class of intermetallic compounds in
which a strong structural relationship exists between a
parent compound and its lithiated products. These types of
compounds hold promise for improving the kinetics and
reversibility of intermetallic anodes and for overcoming the
safety limitations of lithiated graphite electrodes of state-
of-the-art lithium-ion cells and batteries. However, further
improvements in structural design are still required before
such compounds can compete with graphite electrodes in
lithium-ion cells and batteries.

According to this invention, there is described a new
intermetallic structure type that can be effectively used as a
negative electrode (anode) for a non-aqueous lithium elec-
trochemical cell and/or battery. These new intermetallic
electrodes have as their basic structural unit the formula
M,M' in which M and M' are selected from two or more
metals including Si, and the M,M' structure is a Cu,Sb-type
structure, as illustrated in FIG. 1. In this structure type, the
M' atoms of the M,M' structure may have a configuration
that is slightly distorted from an ideal face-centered-cubic
array of atoms, and provide a host framework for the M
atoms in the parent structure and for Li atoms during the
electrochemical reaction. Lithium insertion into binary, ter-
nary or higher order intermetallic compounds is often
accompanied by the extrusion of metal atoms from the
parent structure, but this is not necessarily always the case.
When the M atoms are extruded from an M,M' electrode
structure of this invention, then the electrode may be con-
sidered as a composite electrode that consists essentially of
a matrix containing intermetallic Li, M, M’ particles having
a host M' lattice containing X Li atoms and the remaining
(2-y) M atoms, in intimate contact with the y M atoms that
are extruded from the structure. The M atoms of this
invention are preferably Cu, Mn and/or Li atoms, and the M'
atoms are preferably Sb atoms, but may include Group Va
elements excluding nitrogen.

In one embodiment of the invention, the parent interme-
tallic M,M' electrode can be a binary system of two different
atom types, M and M/, or it can be a ternary, a quaternary or
a higher order intermetallic system in which the M and M’
atoms can be of one atom type, or more than one atom type.
The intermetallic compounds of the present invention need
not be ordered systems; that is, they may have fully disor-
dered structures in which the M or M' atoms are arranged in
a random manner, or they may have partially disordered
structures in which the M or M' atoms in the crystal lattice
are arranged in a non-random manner. Furthermore, the
M,M' compound of the invention need not be precisely
stoichiometric, such that the M:M' ratio in the parent struc-
ture can fall within the range 2.33:1 to 1.67:1, and preferably
within the range 2.1:1 to 1.9:1.

According to a second embodiment of the invention, the
metal atoms of the intermetallic electrodes can be metals
that are either active toward lithium, such as Sb, or inactive
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toward lithium, such as Cu or Mn, or the M,M' compound
may be selected in which both M and M' are electrochemi-
cally active toward lithium. Preferably, for example, in a
binary system M,M', the M atoms are substantially inactive
toward lithium, such as Cu, and the M' atoms are substan-
tially active toward lithium, such as Sb, which together with
Li forms Li;Sb. The M atoms are also preferably inactive
toward the electrolyte.

One of the problems of intermetallic electrodes is that on
the initial reaction with lithium, they tend to show an
irreversible capacity loss, i.e., the capacity that is delivered
on the initial insertion of lithium into the intermetallic host
structure cannot be recovered during the subsequent lithium
extraction reaction. Although not yet fully understood, this
irreversible capacity loss is believed to be at least partly a
result of the inability for all the extruded metal to be
reincorporated into the structure, and partly by a passivation
layer that is created on the surface of the lithiated interme-
tallic electrode, which renders some of the lithium inactive
for further participation in the electrochemical reaction.
Therefore, in a third embodiment of the invention, these
effects may be countered by adding surplus M metal in finely
divided form to the initial M,M' electrode of the invention,
typically to the extent of 50 atom percent or less, preferably
20 atom percent or less. Alternatively, these effects may be
countered by including some additional lithium in the parent
M,M' electrode structure either as a separate component
M,M, or by replacing some M or M' in the M,M' parent
structure, for example, as M,_s[.i;M', in which 9§ is prefer-
ably less than 20 atom percent of the M atom content.

According to a further aspect of the invention, the elec-
trochemical reaction may take place by lithium insertion
into, and metal extrusion from, the face-centered-cubic M'
metal array, such that the face-centered-cubic array is main-
tained during the electrochemical reaction. The reaction may
also be one that proceeds to form LiMM' structures in
which MM' may be a zinc-blende-type framework. Further
extrusion of the remaining M atoms from the LiMM'
structures can also be possible, while maintaining the face-
centered-cubic M' metal array.

Compounds with the Cu,Sb-type structure, in which the
M' atom is a non-metal, such as Fe,As, Cr,As, Cuy_yTe,,
LiFeAs, LiFeP, and LiCoAs are also known to exist as
reported by Wyckoff in Crystal Structures, second edition,
Wiley, Volume 1, page 361 (1965) and by Juza et al in
Zeitschrift fur Anorganische und Allegemeine Chemie, Vol-
ume 361, page 58 (1968) the disclosures of which are
incorporated by reference. It is of particular significance that
in the Li—Fe—As system, both Fe,As and LiFeAs have a
Cu,Sb-type structure, and that a solid solution between
Fe,As and LiFeAs exists. In this instance, it may therefore
be expected that when lithium is reacted electrochemically
with Fe,As, lithium will be inserted into, and iron extruded
from, the As array and that the inserted Li atoms in the
LiFeAs product will reside in the same crystallographic
positions that were previously occupied by the extruded Fe
atoms. Therefore, in a fourth embodiment of the invention,
the M,M' electrode structure may be one in which M is
selected from one or more metal elements and M'is selected
from one or more metal or non-metal elements, preferably
such that M' is selected from the Group Va elements, other
than nitrogen, for example, P and/or As.

The principles of this invention are described with par-
ticular reference to the two isostructural compounds, Cu,Sb
and Mn,Sb. These two examples of intermetallic anodes
describe the principles of the invention as contemplated by
the inventors, but they are not to be construed as limiting
examples.
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EXAMPLE 1

Cu,Sb was synthesized by ball milling stoichiometric
amounts of metallic copper and antimony with 5 at %
graphite as a solid lubricant for 17 h in air using a SPEX/
CertiPrep high-energy ball mill. The resultant powder was
sieved through a mesh screen to isolate the electrode par-
ticles with size less than 75 um.

EXAMPLE 2

Laminates of Cu,Sb electrodes were fabricated by mixing
84 wt % Cu,Sb as made in Example 1 with 8 wt % carbon
(acetylene black) and 8 wt % polyvinylidine difluoride
(PVDF). The electrode slurry was extruded onto copper-foil
and vacuum-dried at 120° C. for at least 5 h prior to use.
Two-electrode cells were assembled in an argon filled glove-
box (0, and H,0<5 ppm) using Cu,Sb as the working
electrode and lithium as the counter electrode, separated by
a glass fibre membrane soaked in electrolyte. A 1M LiPF,
EC/DEC (ethylene carbonate/diethyl carbonate) (2:1) solu-
tion was used as electrolyte. Li/Cu,Sb cells were housed in
an aluminum foil container.

The voltage profile of the first cycle of a Li/Cu,Sb cell,
which was used for the in-situ X-ray diffraction data col-
lection of the Cu,Sb electrode, is shown in FIG. 2. In situ
X-ray diffraction data of the Cu,Sb electrode were collected
during the initial discharge/charge cycle in transmission
mode using a STOE & CIE GmbH STADI powder diffrac-
tometer fitted with a position-sensitive detector (CuKa,
radiation). Each measurement was recorded between 20°
and 55° in 26. The Li/Cu,Sb cell was discharged and
charged in potentiostatic mode on a MacPilell™ instrument
with steps of 10 mV. The cell was allowed to equilibrate
before each diffraction pattern was recorded. The powder
X-ray diffraction patterns of the parent Cu,Sb electrode and
the electrode at various states of discharge and charge are
shown in FIG. 3. Unit cell parameters of the Cu,Sb electrode
and its lithiated products were calculated by a least-squares
refinement of the peak positions in the X-ray diffraction
patterns of FIG. 2 (CuKa radiation). Cell cycling was
performed on a second Li/Cu,Sb cell on a Digatron BTS-
600 battery tester in galvanostatic mode with a current
density of 0.2 mA/cm?. Cells were cycled between 1.2 and
0.0 V. The capacity versus cycle number plot for the first 25
cycles of a second Li/Cu,Sb cell is shown in FIG. 4.

EXAMPLE 3

Mn,Sb was synthesized by ball milling stoichiometric
amounts of metallic manganese and antimony with 5 at %
graphite as a solid lubricant for 17 h in air using a SPEX/
CertiPrep high-energy ball mill. The resultant powder was
sieved through a mesh screen to isolate the particles with
size less than 75 um. The powder X-ray diffraction pattern
of the Mn,Sb product is shown in FIG. 5 (CuKa radiation).

EXAMPLE 4

Laminates of Mn,Sb electrodes were fabricated by the
same procedure described in Example 2 for Cu,Sb. For the
electrochemical evaluation, Li/Mn,Sb cells of size 2016
(ie., 20 mm diameter; 1.6 mm high) were used. Cells were
cycled in galvanostatic mode between 1.5 and O V using a
current density of 0.4 mA on an automated Maccor cell
testing system. The voltage profile for the first cycle of a
typical Li/Mn,Sb cell is shown in FIG. 6. The capacity
versus cycle number plot for the first 25 cycles of this cell,
cycled between 1.5 and O V is shown in FIG. 7.

The X-ray diffraction data of a Li/Cu,Sb cell were
obtained in situ at intermittent intervals during the initial
discharge and charge. The voltage profile of this cell is
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6

shown in FIG. 2, in which points A to J indicate the voltages
at which the X-ray data were collected; the corresponding
X-ray diffraction patterns are provided in FIG. 3. Peaks in
the diffraction patterns that originate from the cell hardware,
such as the copper current collector and the aluminum foil
container, are marked in the figure. The voltage profile is
divided into sections I-VII, which indicate the various
stages of the reaction. Before cycling, the open-circuit
voltage of the Li/Cu,Sb cell was 3.0 V and at 1.05 V. The
X-ray diffraction peaks from the initial Cu,Sb electrode are
visible at approximately 26, 29, 31.5, and 35° 20; additional
peaks from Cu,Sb between 44° and 45° 28 are overlapped
by peaks from the cell hardware. The Cu,Sb peaks remain
unchanged during discharge down to 1.05 V (Point A).
Section I, between 3.0 and 0.9 V in the voltage profile,
accounts for a capacity of approximately 90 mAh/g which is
lost on the subsequent cycle. This loss in capacity is attrib-
uted to the reaction of lithium with an electrochemically
active surface of the Cu,Sb particles, possibly an oxide that
is formed during the synthesis of Cu,Sb by ball-milling. At
0.82 V (point B), the end of section II, the Cu,Sb peaks are
replaced by new peaks at approximately 25, 41 and 48° 20,
these peaks are consistent with a cubic structure having a
CuSb zinc-blende-type framework. On further discharge to
point D at 0.70 V (Section III), via point C at 0.74 V, the
diffraction peaks of the lithiated electrode shift very gradu-
ally towards lower 28. Sections II and III are, therefore,
attributed to an electrode system Li Cu, Sb (0<x=2,
0=y=1) with end member Li,CuSb at x=2, y=1. At 0.70 V,
a voltage plateau (Section IV) signifies the onset of a
two-phase reaction consistent with the formation of a Li,,
2Cu,_,Sb structure (O<z<1), closely related to Li;Sb, as
evident by the peaks that appear at approximately 23, 27, 39
and 46° 20 at the expense of the Li,CuSb peaks, that become
more pronounced on further discharge to 0.61 V and 0.41 V
in FIG. 3. At 0.61 V (point E) and at lower voltages (point
F) only the Li,, Cu,_ Sb phase is present (this is also true
when cells reach 0 V, not shown in FIG. 3. The capacity at
the lower potentials is attributed to the continued extrusion
of Cu from the structure, yielding the final discharge prod-
ucts Li;Sb and Cu at y=1 and Li,, Cu,_,Sb. The extruded
copper could not be detected in the X-ray diffraction patterns
because they coincide with those of the copper current
collector. High resolution images of the lithiated Cu,Sb
electrodes obtained on a transmission electron microscope
have shown that the extruded Cu remains closely connected
to the antimony matrix as very small needle-like crystals, a
few hundred nanometers in length; this feature is believed,
to be amongst the reasons for the excellent reversibility of
cells when cycled between 1.2 and 0V, as shown in FIG. 4.

The crystallographic parameters for Cu,Sb (pristine
electrode), “Li,CuSb” calculated at 0.7 V (FIG. 3) and
“Li,Sb” calculated at 0.41 V (FIG. 3) are provided in Table
1. “Li,CuSb” and “Li;Sb” are put in parentheses because the
precise compositions of the electrodes at which the lattice
parameters were calculated are not known. Nevertheless, the
calculated values in Table 1 are in good agreement with
those reported previously in the literature for Cu,Sb,
a=3.992 A, ¢=6.091 A; Li,CuSb, a=6.268 A; and Li,Sb,
a=6.573 A. Using the crystallographic parameters in Table 1,
the volume expansion for the transition of Cu,Sb to
“Li,CuSb” is 25.2%. During the cubic-cubic transition of
“Li,CuSb” to “Li;Sb”, the unit cell parameter, a, increases
by 4.3%, corresponding to a unit cell volume expansion
13.3%. The total volume expansion of the Sb array for the
complete Cu,Sb to “Li;Sb” transformation is 42%.
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TABLE 1

Crystallographic parameters for Cu,Sb, Li,CuSb and Li.Sb.

Space a b c Unit Cell
Compound  Group (A) A) A) Z Volume (A%)
Cu,Sb P4/nmm  4.03(1) 403(1) 610(12) 2 99
“Li,CuSb”  F-43m  6.28(2) 628(2) 628(2) 4 248
“Li,Sb” Fm3m  6.55(1) 6.55(1) 655(1) 4 281

The electrochemical processes that occur in sections II, IT1
and IV are reversible; during charge, in region V, the in-situ
X-ray diffraction data show that the Li,CuSb phase is
reformed by 0.93 V (point G, FIG. 3). Further delithiation to
1.01 V (region VI, to point I), shows a gradual shift of the
Li,CuSb peaks towards higher 20 consistent with the for-
mation of Li,_,Cu,, Sb compositions (0<x<2, 0=y<1). The
X-ray diffraction data obtained for the final process to 1.05
V (region VII, to point J) are consistent with the regeneration
of a Cu,Sb-type structure.

A capacity vs. cycle plot for the first 25 cycles of a
Li/Cu,Sb cell is provided in FIG. 4. The first cycle has a
large irreversible capacity, consistent with the data from the
in-situ cell (FIG. 1). Thereafter, Cu,Sb shows excellent
cycling stability with a steady capacity of approximately 290
mAh/g. On the initial conditioning cycle, there is a 36%
capacity loss, whereas from cycle 2 to cycle 25 the capacity
loss is 0.33% per cycle, and from cycle 4 to 25 it is 0.14%
per cycle. The theoretical gravimetric capacity for the com-
plete reaction

3Li+Cu,Sb—Li;Sb+2Cu 2
is 323 mAh/g. Therefore, the delivered rechargeable capac-
ity of 290 mAh/g reflects a very high utilization of the
electrode (90%). The crystallographic density of Cu,Sb is
high (8.51 g/ml), whereas the density of the Li;Sb/Cu
composite electrode at the end of discharge is considerably
lower (4.70 g/ml). The theoretical volumetric capacity for
Cu,Sb, based on the average density of the electrode (6.60
g/ml) is 2132 mAh/ml, which is significantly higher than the
theoretical volumetric capacity of graphite (818 mAh/ml),
which is the preferred negative electrode for current Li-ion
cells.

With the available in situ X-ray diffraction and crystal-
lographic data, the following reaction sequence for the
lithiation of Cu,Sb, which is represented schematically in
FIGS. 8(a)—(d) is proposed. The projections of the structures
in FIGS. 8(a)—(d) and compositions of the products have
been selected to simplify the illustration of the overall
reaction model. In this respect, it is acknowledged that,
because of the easy exchange between Li and Cu atoms in
Li, Cu,_,Sb structures (x=3, y=2), deviations from the
ideal stoichiometric compositions, as illustrated in FIGS.
8(a)—(d), can be expected.

The first stage of the reaction of lithium with Cu,Sb
(Sections IT and II in FIG. 2) during which there is a
transformation to a cubic CuSb zinc-blende framework can
be represented

*Li+Cu,Sb—1i,Cu,_,Sb+yCu ©)

for 0<x=2, O<y<1, yielding Li,CuSb at x=2 and y=1. The
Cu,Sb structure is tetragonal (space group P4/amm) with Cu
located on the 2a(000) and 2¢(0%0.27) sites, and Sb on the
2¢(0%:0.70) site. Therefore, in the [100] projection, the
Cu,Sb structure can be visualized as being comprised of Cu
layers with alternating layers of Cu and Sb (FIG. 8a); the Cu
and Sb atoms are arranged in discrete columns down the a
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axis of the unit cell. The following processes occur during
the transformation of Cu,Sb to the CuSb zinc-blende
framework, as shown in FIG. 8(a—c): 1) the Sb atoms, that
are arranged in a slightly distorted face-centered array in the
parent tetragonal Cu,Sb structure undergo small displace-
ments to create an ideal face-centered-cubic array in the
CuSb zinc-blende framework; 2) one-half of the copper
atoms are extruded from the Cu,Sb structure; 3) one-quarter
of the copper atoms remain essentially in their original
positions, and one-quarter are displaced in the a and ¢
directions of the Cu,Sb unit cell to create the puckered
hexagons of the CuSb zinc-blende framework as shown in a
[110] projection in FIG. 8c; 4) the Sb and Cu displacements
cause a compression of the c-axis and an expansion of the
a-axis in Cu,Sb to yield the cubic CuSb zinc-blende frame-
work; 5) for every extruded Cu atom, two Li atoms are
accommodated in the interstitial space of the CuSb frame-
work to yield Li,CuSb (space group F-43m), which is
isostructural with Li,CuSn, derived by lithiation of CuSng
with a NiAs-type structure as reported by Kepler et al in
Electrochemical Solid State Letters, Volume 2, page 307
(1999). FIG. 8(a—c) demonstrate that there is a strong
structural relationship between the parent Cu,Sb and the
CuSb zinc-blende framework as there is between Cu Sns
and the CuSn zinc-blende framework. In this respect, it
should be noted that in the hexagons of the CuSb
framework, all the Sb atoms and one-half of the Cu atoms
are close to their original positions in the parent Cu,Sb
structure.

The electrochemical profile and the lattice parameter of
the Li, Cu,_ Sb electrode shown in Sections II and III, in
FIG. 2 and g, respectively, show more variation than would
be suggested by a simple two-phase Cu,Sb-Li,CuSb system.
A least squares refinement of the lattice parameter at point
B at 0.82 Vin FIG. 3, yielded a value of a=6.26(1) A, which
is 0.3% less than that calculated for “Li,CuSb” at point D at
0.7 V (6.28(2) A, Table 1).

The second stage of the reaction of lithium with Cu,Sb
(Section 1V, FIG. 2) occurs first on a voltage plateau at
approximately 0.7 V, and then with sloping voltage to 0 V;
this stage is attributed to the substitution of copper by
lithium in the face-centered-cubic Sb array as shown in a
[110] projection in FIG. 8(c). The reaction for the complete
substitution of Cu by Li is:

Li+Li,CuSb—Li;Sb+Cu (4
However, the electrochemical profile and X-ray diffraction
data in FIGS. 2 and 3 suggest that reaction (4) occurs by a
similar inhomogeneous process of lithium insertion and
copper extrusion described for reaction (3) above. Reaction
(4) can, therefore, be written more generally as:

yLi+Li,CuSb—>Li,,,Cu,_,Sb+yCu (5)
for O<y=1). The precise composition of the reaction product
for the two-phase process at 0.7 V, (i.e., the value of y) is
unknown; the lattice parameter determined from the in situ
X-ray diffraction data (c.g., a=6.55(1) A at 041V, Table 1)
suggest a composition close to Li,Sb (a=6.573 A). Between
0.7 and 0 V, it appears that the residual Cu is extruded
continuously from the Li,, Cu,  Sb electrode structure to
yield Li;Sb (space group Fm3m, FIG. 8d); a small contri-
bution to the capacity from the added acetylene black
current collector over this voltage range cannot be dis-
counted.
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Therefore, Li/Cu,Sb cells operate by a mechanism
involving lithium insertion/copper extrusion reactions with
the Cu,Sb electrode. The overall reaction can be described
by the general process:

#Li+Cu,SbsLi,Cu, ,Sb+yCu (6)
for 0<x=3 and O<y=2. The excellent cycling stability of the
cells in which the Cu,Sb electrode provides a rechargeable
capacity of 290 mAh/g (alternatively, 1914 mAh/ml based
on an average electrode density of 6.6 g/ml) can be attrib-
uted to two main factors. First, there are strong structural
relationships between the lithium-copper-antimony phases,
Cu,Sb, Li,CuSb and Li;Sb formed during the electrochemi-
cal discharge and charge reactions, the compositions of
which can vary because of the possible exchange of Li for
Cu in the Sb array. Of particular significance is the retention
of an essentially invariant host Sb array for Li and Cu
throughout the reaction process. Second, the Cu,Sb elec-
trode from which finely divided copper is extruded provides
good electronic conductivity at all states of charge, thereby
providing an electrode with low cell impedance and fast
reaction kinetics.

The X-ray diffraction data of a Mn,Sb electrode is shown
in FIG. §; the voltage profile of the first cycle of a lithium
cell containing this electrode is shown in FIG. 6. Although
in situ X-ray diffraction data collected to date have not
revealed the precise nature of the intermediate discharge
products that are formed above the plateau at 0.4 V in FIG.
6, the X-ray data have shown that Li,Sb is formed on a flat
voltage plateau at approximately 0.4 V and between 0.4 V
and 0 V. Capacity can be recovered during the charge
process, but with considerably greater hysteresis than
observed for Cu,Sb electrodes. This hysteresis can be attrib-
uted to slower diffusion of Mn atoms within the Sb array of
the electrode structure compared to Cu atoms. In situ X-ray
diffraction data collected during the charge process to 1.5 V
in FIG. 6 have indicated that LiMnSb- and MnSb-type
structures may form as intermediate products during the
charge process and that the regeneration of Mn,Sb is more
difficult to achieve than is the case for Cu,Sb electrodes.
Nevertheless, after one conditioning cycle Mn,Sb electrodes
can deliver a rechargeable capacity in excess of 240 mAh/g
for 23 cycles as shown in FIG. 7. These electrochemical data
emphasize the superior electrochemical performance of
Cu,Sb electrodes over Mn,Sb electrodes, thereby making
Cu,Sb a preferred electrode material.

This invention, therefore, relates to an intermetallic nega-
tive electrode (anode) for a non-aqueous electrochemical
lithium cell as shown schematically in FIG. 9, the cell
represented by the numeral 10 having a negative electrode
12 separated from a positive electrode 16 by an electrolyte
14, all contained in an insulating housing 18 with suitable
terminals (not shown) being provided in electronic contact
with the negative electrode 12 and the positive electrode 16.
Binders and other materials normally associated with both
the electrolyte and the negative and positive electrodes are
well known in the art and are not described herein, but are
included as is understood by those of ordinary skill in this
art. FIG. 10 shows a schematic illustration of one example
of a battery in which two strings of electrochemical lithium
cells 10, described above, are arranged in parallel, each
string comprising three cells arranged in series.

While particular embodiments of the present invention
have been shown and described, it will be appreciated by
those skilled in the art that changes and modifications may
be made without departing from the true spirit and scope of
the invention.
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The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A negative electrode for a non-aqueous electrochemical
cell having an active material consisting essentially of an
intermetallic compound which is crystalline in its initial
state having as its basic structural unit the formula M,M' in
which M and M' are selected from two or more metal
elements including Si, and the M,M' structure is a Cu,Sb-
type structure.

2. A negative electrode of claim 1, in which M,M' has a
fully disordered structure or a partially disordered structure.

3. A negative electrode of claim 1, in which M,M' is a
non-stoichiometric compound in which the M:M' ratio falls
within the range 2.33:1 to 1.67:1.

4. A negative electrode of claim 3, in which M,M' is a
non-stoichiometric compound in which the M:M' ratio falls
within the range 2.1:1 to 1.9:1.

5. A negative electrode of claim 1, in which M is Cu, Mn
and/or Li, and M' is Sb.

6. A negative electrode of claim 5, in which the Li content
if present is 20 atom percent or less of the M,M' structure.

7. A negative electrode of claim 1, in which M,M' is
Cu,Sb or Mn,Sb.

8. A negative electrode of claim 1, in which Li is added
as a separate component to the M,M' electrode to the extent
of 20 atom percent or less of the M,M' structure.

9. A negative electrode of claim 1, in which surplus M
metal is added to the M,M' electrode, to the extent of 50
atom percent or less.

10. A negative electrode of claim 9, in which the surplus
M metal is 20 atom percent or less.

11. A negative electrode for a non-aqueous electrochemi-
cal cell having an active material consisting essentially of a
compound which is crystalline in its initial state having as its
basic structural unit the formula M,M', and having a Cu,Sb-
type structure, in which M is one or more metal elements and
M' is one or more metal or non-metal elements.

12. A negative electrode of claim 11, in which the M’
atoms are selected from the Group Va elements excluding
nitrogen.

13. A negative electrode of claim 12, in which the M’
atoms are selected from P or As.

14. A non-aqueous electrochemical cell comprising a
negative electrode, an electrolyte and a positive electrode the
negative electrode having an active material consisting
essentially an intermetallic compound which is crystalline in
its initial state having as its basic structural unit the formula
M,M' in which M and M' are selected from two or more
metal elements including Si, and the M,M' structure is a
Cu,Sb-type structure.

15. A battery comprised of a plurality of cells, at least
some cells including a negative electrode and a non-aqueous
electrolyte and a positive electrode, said negative electrode
having an active material consisting essentially of an inter-
metallic compound which is crystalline in its initial state
having as its basic structural unit the formula M,M' in which
M and M' are selected from two or more metal elements
including Si, and having a Cu,Sb-type structure.

16. A non-aqueous electrochemical cell comprising a
negative electrode, an electrolyte and a positive electrode,
said negative electrode having an active material consisting
essentially of an intermetallic compound which is crystalline
in its initial state having as its basic structural unit the
formula M,M', and having a Cu,Sb-type structure, in which
M is one or more metal elements and M' is one or more metal
or non-metal elements.

17. Abattery comprising a plurality of cells, at least some
cells including a negative electrode and a non-aqueous
electrolyte and a positive electrode, said negative electrode
having an active material consisting essentially of an inter-
metallic compound which is crystalline in its initial state
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having as its basic structural unit the formula M,M', and the
M,M' structure is a Cu,Sb-type structure, in which M is one
or more metal elements and M' is one or more metal or
non-metal elements.

18. The negative electrode of claim 1, wherein the inter-
metallic compound is made by ball milling of the metal
elements M and M'.

19. The negative electrode of claim 18, wherein the ball
milling is at ambient temperature in air in the presence of a
lubricating agent.

20. The negative electrode of claim 19, wherein the
lubricating agent is graphite.

10

12

21. A negative electrode for a non-aqueous electrochemi-
cal cell comprised of an intermetallic compound which is
crystalline in its initial state having an x-ray diffraction
pattern substantially the same as FIG. 3.

22. A negative electrode for a non-aqueous electrochemi-
cal cell comprised of an intermetallic compound which is
crystalline in its initial state having an x-ray diffraction
pattern substantially the same as FIG. §.
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